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Abstract

The short telomere syndromes are the most common premature aging disorders. Although studies
in genetically modified cells and animal models have suggested telomere dysfunction may
promote genome instability, only a minority of humans with inherited loss-of-function mutations
in telomerase and related genes develop cancer. Solid tumors are relatively rare and the vast
majority of cancers are bone marrow-derived with myelodysplastic syndrome (MDS) and acute
myeloid leukemia (AML) comprising three-quarter of cases. In contrast to young short telomere
syndrome patients who develop aplastic anemia, MDS and AML are usually diagnosed in adults
who have milder short telomere defects. Here, we dissect the mechanisms by which these two
bone marrow failure states, aplastic anemia and MDS-AML, evolve in the setting of varying
degrees of telomere shortening. We will define the implications of these observations for patient
care as well as for understanding the genetics and biology of age-related myeloid clonal evolution.
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Telomere length is a heritable trait; it is determined by the parental telomere length as well
as variants that affect the integrity and abundance of telomerase and its regulators [1-4].
Telomere length naturally shortens with age, and this association has raised the question as
to whether telomere shortening may contribute to age-associated cancer risk [5-7]. However,
several lines of evidence have supported a tumor suppressive role for telomere shortening
[8], and tumor prone mouse models have consistently shown improved outcomes and
survival in the setting of short telomeres (reviewed in [8]). These models have included
cancers driven by oncogenic mutations, such as Myc over-expression, as well as loss of
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tumor suppressors, such as p16//nk4a[9,10]. There is also increasing clarity in the genetic
epidemiology literature regarding a role for long, rather than short, telomere length in
promoting cancer risk [11,12]. We recently proposed some inherited telomere lengthening
mutations provoke a familial cancer prone ‘long telomere syndrome’ that includes common
age-related malignancies such as melanoma and chronic lymphocytic leukemia and reviewed
the literature linking long telomere length to cancer risk [8,13]. Here, we focus on the
spectrum and biology of cancers that arise in the short telomere syndromes and discuss their
implications for understanding the mechanisms underlying myeloid clonal evolution with

aging.

Telomere length predicts the onset and severity of short telomere
syndrome phenotypes

The short telomere syndromes are a group of disorders caused by germline mutations in
telomerase and other telomere maintenance genes [13,14]. Affected patients have short
telomere lengths that fall below or overlap with the lower tail of the population’s normal
distribution [14]. The cancer prevalence in these patients allows for a clinically relevant
context, beyond genetically modified cell-based and animal models, to understand the causal
role of short telomeres as a driver of human cancer. Short telomere syndromes have variable
manifestations; the inherited telomere length as well as the mutation type determine their
onset and severity [14,15]. Early-onset disease, in infants and children with extremely short
telomere lengths, appears in high turnover tissues and is recognized usually as
immunodeficiency and/or aplastic anemia [14-16] (Figure 1). Adults with short telomere
syndromes who have less severe short telomere defects predominantly present with disease
in slow turnover tissues, primarily in the liver and lung [17]. Idiopathic pulmonary fibrosis
(IPF), emphysema and other telomere-related lung disease, by virtue of their high
prevalence, are estimated to account for 90% of short telomere presentations [18,19]. These
adult-onset presentations also make the short telomere syndromes likely the most common
genetic disorders of premature aging [18].

Short telomere syndrome mutations affect telomerase activity and
biogenesis

To date, 14 genes have been linked to the human short telomere syndrome phenotype.
Mutations in these genes disrupt telomerase enzyme activity, telomerase biogenesis,
telomerase recruitment or other telomere maintenance functions [8]. Their most common
mode of inheritance is autosomal dominant [14]. The known disease-associated genes are
estimated to explain 50-75% of short telomere syndrome presentations [20,21]. Loss-of-
function mutations in 7ERT, the telomerase reverse transcriptase gene, are most common
and they explain more than 40% of cases in cohorts that include children and adults [14].
Mutations in the pseudouridylase dyskerin, encoded by the X-linked gene DKCI, were the
first to be identified [22]. Loss-of-function of dyskerin may be associated with classic
mucocutaneous findings that define the rare genodermatosis dyskeratosis congenita [23].
Dyskerin is involved in the stability and biogenesis of a group of RNAs that contain a 3" end
box H/ACA motif, including the telomerase RNA component, TR, as well as a number of
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non-coding RNAs [24,25]. The most recently identified short telomere syndrome gene is
ZCCHCS8, a component of the nuclear RNA exosome targeting complex; it is required for
TR 3’ end RNA maturation and telomerase function [20].

The short telomere syndromes are a low penetrance cancer prone
syndrome

An increasing clinical recognition as well as the availability of genetic and molecular testing
has allowed several cohorts to quantify cancer rates in the short telomere syndromes. They
have varied in their makeup of pediatric and adult cases, but altogether, estimates have been
consistent reporting an overall non-cutaneous cancer diagnosis in 10-15% [23,26,27].
Therefore, as we discuss below, while cancer rates may be up to 200-fold higher over
population rates for some cancers, their overall risk in the short telomere syndromes is
relatively low especially when compared to high penetrance cancer predisposition
syndromes such as those related to BRCAI1/2or TP53 mutations.

Solid tumors are overall rare with classic dyskeratosis congenita males
being at highest risk

The rate of solid cancers is relatively low. In a recent study of 180 Johns Hopkins patients
with a median age of 50, 3% had a non-cutaneous solid tumor diagnosis [27]. The most
common histology was squamous affecting the upper aerodigestive tract (oral cavity,
esophagus) and the anal mucosa [26-28] (Figure 2). Readily resectable squamous and basal
skin cancers are also common and have been estimated to affect ~10% in one study of
children and young adults [26], but the overall prevalence of these cancers may be higher in
older adults based on our clinical experience. The solid cancer spectrum is thus narrow and,
in general, solid tumors arising de novo, outside of the lung or liver transplant setting, appear
to have a favorable outcome.

In contrast to nearly all other phenotypes heretofore described where telomere length is the
predictor of onset and severity, there is some evidence of a genotype-phenotype correlation
in with respect to solid cancers [27]. The highest risk is in young adult males who have
classic mucocutaneous features of dyskeratosis congenita and DKCIZ mutations [27]. These
observations, if verified in other studies, suggest that disturbances related to TR-independent
functions of dyskerin may play a role in promoting carcinogenesis [27,29]. They also
indicate that classic dyskeratosis congenita patients, especially males, are likely to derive the
most benefit from screening for mucosal solid tumors.

Myeloid cancers are the most common short telomere syndrome
malignancies

The most common short telomere syndrome cancers are myelodysplastic syndrome (MDS,
~60%) followed by acute myeloid leukemia (AML, ~15%) [27] (Figure 2). These two
cancers fall on a continuum of age-related myeloid clonal processes. They are diagnosed on
average in the sixth decade, two decades younger than unselected MDS-AML [27]. Overall,
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short telomere syndrome patients have at least a 150-fold higher risk for developing MDS;
yet only a small subset, 8-10%, develop it [26,27]. The risk for AML is lower but still 50-
fold higher than the population [26,27]. Importantly, relative to aplastic anemia, MDS and
AML are diagnosed on average three decades older [27] (Figure 1). And, unlike squamous
tumors, there is no genotype-phenotype association with their risk [27]. Since lung disease is
also age-dependent, short telomere MDS-AML patients often have the diagnosis of
pulmonary fibrosis, concurrently or soon after diagnosis, and morality related to end-stage
lung and/or liver disease is the primary cause of mortality in two-thirds of these cancer
patients [27] (Figure 1).

Clinical features of short telomere MDS-AML and treatment implications

The short telomere syndromes are one of several known MDS-AML prone genetic
syndromes (reviewed in [30,31]). Among families with MDS-AML, the short telomere
syndrome disease genes are thought to be one of the most common causes; they account for
3-20% of familial cases depending on the cohort studied ([32] and Dr. Jane Churpek,
personal communication). In unselected cohorts of patients with MDS-AML, the exact
percentage of patients with telomere-related germline mutations has not been studied using
contemporary gene panels. Most but not all of short telomere MDS-AML patients have
distinguishing clinical histories suggestive of the short telomere syndrome diagnosis (e.g.
personal or family history of pulmonary fibrosis) [27,32]. There are also histopathologic
features of telomere-mediated MDS-AML that may distinguish them from unselected cases;
these features are relevant for understanding the role of short telomere defect in driving the
evolution of these cancers. For example, there is a greater proportion of short telomere
MDS-AML patients who have Aypoplastic MDS-AML,; this is generally a rare finding in
unselected cases [27] (Figure 3). Regardless of bone marrow cellularity, the heretofore short
telomere-mediated MDS-AML cases studied all have hypoproliferative disease (i.e.
associated with low blood counts at diagnosis) [27]. Their cancers are also often indolent
with a slowly progressive MDS course [27], likely reflecting the proliferative constraint
caused by short telomeres.

Impact of clinical diagnosis of short telomere MDS-AML

Making the genetic diagnosis of telomere-mediated MDS-AML influences treatment
decisions in several settings. For example, it informs the choice of hematopoietic stem cell
transplant (HSCT) regimen because these patients are susceptible to pulmonary toxins.
However, in contrast to aplastic anemia, the published experience with HSCT regimens in
MDS-AML is limited. Like with other inherited forms of MDS-AML [33], this genetic
diagnosis also influences the choice of related transplant donor given the familial, usually
autosomal dominant nature of mutations. The evaluation and selection of potentials donors
who may be asymptomatic also requires an extensive consent process and experienced
genetic counseling. The short telomere syndrome diagnosis may additionally influence the
need and duration of antibiotic prophylaxis, such as against cytomegalovirus, given the
underlying immune vulnerability and T cell immunodeficiency which may co-occur with
bone marrow failure [34]. The extrahematopoietic pulmonary and hepatic complications of
telomere shortening also complicate the clinical course of MDS-AML [27,35].
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Mechanisms of clonal evolution with aging

What distinguishes the short telomere-mediated bone marrow failure state of MDS-AML
from that of aplastic anemia? We recently compared telomere lengths of these respective
patient subsets and found that, relative to aplastic anemia, MDS-AML patients have
significantly longer telomere length, and on average, they are three decades older at
diagnosis [27] (Figures 1 and 4). These observations lead us to propose a model for how
these states evolve differently given the differential starting point of telomere length. In the
case of aplastic anemia, short telomeres limit hematopoietic stem cell self-renewal, as has
been shown extensively in animal models [34,36]. Thus under the replicative pressures of
hematopoiesis, even if clonal mutations arise, the short telomere length will limit their
evolution because of stem cell dropout (Figure 4). In contrast, an overall short but re/atively
longer stem-progenitor can acquire compensatory mutations in response to less severe stem
cell dropout pressures. The longer replicative potential in these stem-progenitors would in
turn be permissive for evolution to the clonal redundancy seen in overt cancer (Figure 4). It
is notable that the somatic mutational landscape of short telomere MDS-AML mirrors what
is seen in unselected cases of these same cancers [27]. However, their clinical course is
marked by hypoproduction of blood components.

Clonal hematopoiesis in adults with short telomere syndromes

Hematopoiesis is normally oligoclonal but it becomes increasingly clonal with age. The
mechanism driving this age-related clonality are not known but they manifest in a
recognizable pattern of recurrent somatic mutations in the same genes seen in MDS-AML
and other hematologic malignancies [37,38]. These mutations are thought to precede
malignant transformation of these cancers albeit in a very small subset [37,38]. Among
adults with short telomere syndrome mutations, who do not have MDS-AML, our group
recently found that the rate of detectable age-related clonal mutations is at least 3-fold
higher than populations that are significantly older [27,39-41]. These mutations fall in the
same genes that define the emerging state of clonal hematopoiesis of indeterminate potential
(CHIP) [37]. Our model would suggest that the stem cell dropout that takes place in the
setting of short telomeres, with aging, drives the clonal evolution and selection rather than
and increase mutation rate per se (Figure 4). The premature clonal evolution we documented
in these patients suggests that telomere shortening, at least in the context of germline
mutations in telomerase and related genes, is sufficient to drive the CHIP phenotype.

The risk of clonal evolution with androgens

The high rate of CHIP mutations along with the MDS-AML prone state of adults with
telomerase and other telomere related genes begs pause and raises caution for suggested
attempts to use androgens in adults with short telomere syndromes. Since the 1960s,
androgens have been used to temporize cytopenias in aplastic anemia [42]. In a small
retrospective study of children with dyskeratosis congenita-associated aplastic anemia,
approximately half had short-term improvements in blood counts. Among those responding,
the duration of treatment was variable with a median of 2-3 years, and patients were
reported to discontinue androgens because of tolerability/toxicity as well as lack of efficacy
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[43]. An exploratory phase 1/2 study of adults with germline mutations in telomerase and
telomere-related genes examined the safety of the androgen danazol and its effect on blood
counts. While improvements in blood counts were seen, nearly half the patients had no
follow-up at the 24-month endpoint raising questions regarding the safety of this approach
[44]. This study also measured telomere length using a quantitative PCR method in a limited
subset and reported a decrease in the rate of telomere attrition [44]. However, subsequent
analyses, using flow cytometry and fluorescence in situ hybridization, a more reproducible
method, found that androgens do not alter the rate of telomere attrition [45]. One concern
beyond the robustness of measurement tools used in that study, in light of the data we review
here, is that the effect of androgens may be related to the output of mutation-containing
clones without reversing the telomere length defect per se. Indeed, the literature contains one
example where an aplastic anemia patient’s blood counts ‘improved’ and telomeres
‘lengthened’, but the patient died from an aggressive and treatment refractory AML (of note,
the common variant reported in 7ERT in this case is now appreciated to be a benign
polymorphism [46]). The MDS-AML prone state and the high rate of somatic clonal cancer
predisposing mutations raise important questions as to the safety of androgens in short
telomere patients, beyond limited indications such as with transfusion-dependence, and
especially in adults.

Somatic reversion in the short telomere syndromes

Beyond CHIP mutations, the selective pressures of hematopoiesis in the short telomere bone
marrow also promote somatic reversion ([47—49] and reviewed in [50]). For example, in TR
heterozygous mutation carriers, mitotic recombination causes the acquisition and selection
of clones with isodisomy of the wild-typeallele. There is also the example of TERT
promoter gain-of-function mutations, which are acquired somatically in some solid tumors,
and are detectable in 5% of IPF patients who carry loss-of-function mutations in telomerase
[49]. These patients do not have any hematologic malignancy and some have had long-term
followup, up to 10 years [49]. These observations indicate that these somatic reversion
events, which in some cases may ‘correct’ the underlying genetic defect, are also not
sufficient to drive cancer. Whether these somatic reversion events protect or promote clonal
expansion is not currently known.

Summary and Perspective

If clonal mutations are so common in adults with short telomere syndromes, what is the
reason underlying the still relatively low rate of MDS-AML? One answer may be that IPF is
highly penetrant, and given its relatively limited treatment options, it is the primary cause of
mortality in most short telomere adults including those with myeloid cancer promoting
mutations. It is also possible that there are other genetic modifiers of the MDS-AML
phenotype that are yet-to-be identified. Overall, the study of humans with germline defects
in telomerase and other telomere maintenance genes provides a highly compelling and
relevant context for reconsidering the role of short telomeres in cancer with aging. The new
findings suggest that hypoproliferative myeloid cancers are the most prevalent malignant
consequence of telomere shortening in humans.
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Highlights
. Clonal hematopoiesis is common in adult short telomere syndrome patients.
. Longer telomeres may allow clonal evolution to MDS, in contrast to aplastic

anemia.
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Figure 1. Age-dependent phenotypes of the short telomere syndromes.

The four short telomere syndrome presentations are shown on a schematic telogram relative
to the normal population percentiles. Each dot refers to an individual patient at the typical
age at diagnosis. The gradient schemes below show the decreasing risk of aplastic anemia
with age along with the concurrent increase in myelodysplastic syndrome (MDS) and acute

myeloid leukemia (AML) risk with age.
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Figure 2. Pie graph shows relative distribution of cancers of the most common non-cutaneous
malignancies in the short telomere syndromes with their estimated respective percentages.

The most common solid tumors are listed.
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Hypercellular MDS

Figure 3. Short telomere MDS tends to be hypoplastic and hypoproliferative.
Low power (20X) photomicrographs of bone marrow biopsies from a young adult showing

normocellular marrow, a short telomere patient with a hypocellular marrow from hypoplastic
myelodysplastic syndrome (MDS), and an adult with a hypercellular marrow in a patient
with hyperplastic MDS as labeled above. Hypoplastic MDS is rare in unselected populations
but represents more than half of short telomere MDS cases [27]. Images generously
provided by Dr. Amy S. Duffield of the Johns Hopkins Division of Hematopathology.
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Figure 4. Model for the evolution of aplastic anemia and clonal hematopoiesis in MDS-AML in
the short telomere syndromes.

Short telomere syndrome aplastic anemia patients have shorter telomere length at birth. They
are thus more prone to stem-progenitor cell dropout and eventual loss of clonal mutations
that may arise under the pressure of telomere shortening and with age. In contrast, short
telomere MDS-AML patients have relatively longer telomere length (albeit shorter than age-
matched controls) and are predicted to sustain clonal events that may arise with stem cell
dropout, especially as they age. This would ultimately be predicted to lead to an age-
dependent increase in MDS-AML.
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